Indole acetic acid is a phytohormone which plays a vital role in plant growth and development. The purpose of this study was to shed some light on the production of IAA in roots, nodules, and symbionts of an aquatic legume Neptunia oleracea and its possible role in nodular symbiosis. The symbiont (N37) was isolated from nodules of this plant and identified as Rhizobium undicola based on biochemical characteristics, 16S rDNA sequence homology, and DNA-DNA hybridization results. The root nodules were found to contain more IAA and tryptophan than root; however, no detectable amount of IAA was found in root. The IAA metabolizing enzymes IAA oxidase, IAA peroxidase (E.C.1.11.1.7), and polyphenol oxidase (E.C.1.14.18.1) were higher in root than nodule but total phenol and IAA content were reversed. The strain N37 was found to produce copious amount of IAA in YEM broth medium with tryptophan and reached its stationary phase at 20 h. An enrichment of the medium with mannitol, ammonium sulphate, B 12 , and 4-hydroxybenzaldehyde was found to promote the IAA production. The presence of IAA metabolizing enzymes and IAA production with PGPR traits including ACC deaminase activity of the symbionts was essential for plant microbe interaction and nodule function.
Introduction
There are over 19000 species of the family Fabaceae (Leguminosae) and this family was divided into three subfamilies [1] , namely, Papilionoideae, Mimosoideae, and Caesalpinioideae. The majority of species (96% species of each) in the former two subfamilies formed nodule but relatively few (22%) of the later are nodulated [2] . The symbiotic relationships of Rhizobia and legume plants were studied for over 100 years as mutualistic association. However, until 25 years ago, most of the legume nodulating bacteria (LNB) were identified as Rhizobium spp. The situation changed after the application of 16S rDNA based bacterial identification on rhizobia as it was mandatory for bacterial species description [3] , which led to the division of Rhizobia into the currently accepted many genera, namely, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, Allorhizobium, and Ensifer (Sinorhizobium) [4] .
Most of the explored legumes are crop plants that are studied in relation to nitrogen fixation by the symbiont in root nodule. Besides nitrogen fixation, the root nodules of legume plants contained appreciable amount of IAA that are involved in genesis and development of nodules [5, 6] . Rhizobial nodule bacteria produced IAA, which plays an important role in plant growth and in legume-rhizobia interaction. Hunter [7] first reported the plant hormone production in nodules and its transport to the host by the nodular symbiont. The production of IAA by nodule bacteria from nodular tryptophan and its implication for nodule development are well-documented [8] [9] [10] . It was reported that IAA acts as a 2 Journal of Botany signal molecule which is involved in plant signal processing, motility, or attachment of bacteria in root which help in legume-Rhizobium symbiosis [11] .
The IAA productions by the symbiont in nodules were investigated in some agricultural herb legumes [12] [13] [14] , in shrubs [8, 10] , or in some trees [15] [16] [17] . The IAA production of symbiont isolated from aquatic legume plants was not reported earlier. Neptunia oleracea is a tropical, annual, aquatic, and floating herb that belongs to the subfamily Mimosoideae of family Fabaceae. The plant has medicinal uses like treatment of chronic pain in abdomen, joint inflammation, anticancer, antioxidant, and antimicrobial properties [18] .
In the present investigation, the symbiont isolated from the root nodules of aquatic legume Neptunia oleracea Lour. is designated as N37. The strain was identified as Rhizobium undicola based on 16S rDNA sequences based molecular phylogenetic approach. This study was to shed some light on the role of IAA metabolizing enzymes on IAA production in nodule of this plant. Attempts were also made to optimize the cultural conditions for IAA production and to shed some light on nodular IAA production for nodule function.
Material and Methods

Sources of Plant.
The plant was collected from the waterlogged pond of village Koichor, District Burdwan, West Bengal, India, and identified as of Neptunia oleracea Lour.
Microorganism, Medium
, and Growth Condition. The bacteroides were isolated from fresh, healthy, surface sterilized, and pink-colored root nodules of Neptunia oleracea Lour. and grown in pure culture. The medium selected for bacterial growth and IAA production was yeast extract mineral medium of Skerman [19] with 1% mannitol (YEM) supplemented with L-tryptophan. The growth and production of IAA were measured turbidimetrically using a Shimadzu UV-VIS double beam spectrophotometer (Model-190) at 540 nm. The isolates produced the highest amount of IAA that was selected for further study.
Genomic DNA Extraction, PCR Amplification, and
Sequencing of 16S rDNA. For 16S rDNA sequence analysis, DNA was isolated according to Sambrook and Russell [20] . The 16S rDNA of the strain N37 was amplified by using 5-GAGTTTGAT CCTGGCTCAG-3 (forward primer) and 5-AGAAAGGAGGTGATCCAGCC-3 (reverse primer). The amplification was performed with a Thermal Cycler, Model PCT-200 (M.J. Research, Waltham, MA, USA). After amplification, the PCR products were purified using the QIAQuick Gel Extraction Kit (Qiagen, Hilden, Germany) and sequenced using a CEQ dye terminator cycle sequencing kit in an automated DNA sequencer (Model CEQ 8000; Beckman Coulter, Fullerton, CA, USA). The nucleotide sequences obtained were assembled using the sequence alignment-editing program Bioedit (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). The 16S rDNA sequence obtained was compared using the NCBI and EzTaxon server. Phylogenetic tree was constructed according to the Kimura 2 parameter model [21] using the MEGA 5 software package.
DNA-DNA Homology Study.
The DNA-DNA reassociation study was performed following the method of Ezaki et al. [22] . The hybridization study was conducted with the strain N37 with R. undicola strain LMG 11875
T showing the highest 16S rDNA sequence similarity (99.86%). As negative control, DNA from E. coli strain HB101 was taken for this experiment [23] .
Estimation of IAA Production in Culture.
The medium was centrifuged and cell-free supernatant was used for IAA extraction according to Sinha and Basu [15] . The IAA was estimated in extract spectrophotometrically by Salkowski reagent (0.5 M FeCl 3 1 mL and 35% perchloric acid 50 mL) following the method of Gordon and Weber [24] .
Culture of the Symbiont.
In cultural studies, different carbon sources were added separately to the tryptophan supplemented basal medium without mannitol. In order to check the maximum production of IAA, the medium was enriched with the supplements that individually increased the IAA production maximum. All the supplements used for cultural optimization were filter-sterilized through bacterial filter and were added to the medium aseptically.
Extraction and Estimation of Tryptophan, IAA, and
Phenol. Tryptophan was extracted following Nitsch [25] and estimated spectrophotometrically at 360 nm following the method of Hassan [26] . IAA was extracted from fresh tissues of both the roots and the nodules of Neptunia oleracea following the method of Sinha and Basu [15] and was estimated spectrophotometrically by Salkowski reagent following of Gordon and Weber [24] . Total phenol content of the tissue was extracted and estimated following Bray and Thorpe [27] .
IAA Oxidase, Peroxidase, and Polyphenol Oxidase Assay.
The enzymes were assayed from the dialyzed extract of plant tissue. IAA oxidase was estimated following Sinha and Basu [15] . IAA peroxidase and polyphenol oxidase were estimated as described in Kar and Mishra [28] . Oxidation of IAA by peroxidase activity of the purified extract was estimated as described in Ghosh et al. [10] . The leftover IAA was estimated according to Gordon and Weber [24] . The protein content in the enzyme extract was estimated following Lowry et al. [29] .
Plant Growth Promoting Traits of the Isolated Strain.
The phosphate solubilization activity of the isolated strain was detected by the halo zone on Pikovskaya's agar plates [30] and inorganic phosphate solubilization was estimated in culture followed by Jackson [31] . Siderophore production was examined on chrome-azurol-S agar medium as described by Schwyn and Neilands [32] and estimated quantitatively in culture according to Payne [33] . The isolated strain was grown in N 2 -free Davis and Mingoli [34] medium for detection of Journal of Botany 3 N 2 fixing ability. The plates were incubated at 30 ∘ C for 4 days and were observed daily for colony formation. The appearing colonies were reinoculated on the same medium and incubated under the same experimental conditions. The N37 strain and Rhizobium sp. P2 strain (HNO56031) (as positive control) are grown in nitrogen-free CS7 medium [35] and E. coli (as negative control) is grown in nutrient agar medium; the nitrogenase was estimated by acetylene reduction test using gas chromatography (VARIAN CP3800) fitted with flame ionization detector (FID) [36] . Extracellular polysaccharide of the cell-free supernatant was estimated by phenolsulphuric acid method, following Dubois et al. [37] . The 1-aminocyclopropane-1-carboxylate (ACC) deaminase activities of the isolated strain N37 were qualitatively measured in agar plate by Glick et al. [38] . The bacteria were inoculated onto agar plates containing modified M9 medium (5.8 g/L Na 2 HPO 4 ; 3 g/L KH 2 PO 4 ; 0.5 g/L NaCl; supplemented with 0.25 mM CaCl 2 ; 1 mM MgSO 4 ; and 0.3 g/mL biotin) devoid of nitrogen and carbon sources but supplemented with ACC at 5.0 g/L. The plates were incubated at 30 ∘ C for 4 days and were observed daily for colony formation. Colonies produced were reinoculated in the same media and incubated under the same experimental conditions. The newly formed colonies on modified M9 medium supplemented with ACC were considered positive for ACC deaminase activity. Carbonand nitrogen-free M9 medium without ACC supplement was used as control, in which no colony appeared after 10 days. The quantitative estimation of ACC deaminase enzyme activity was assayed according to a modification of the method of Honma and Shimomura [39] , which measures the amount of -ketobutyrate produced when the ACC deaminase cleaves ACC. The amount of -ketobutyrate generated by this reaction was determined by comparing the absorbance at 540 nm of a sample to a standard curve ofketobutyrate. One unit of ACC deaminase activity indicated the formation of 1 nmol of -ketobutyrate per mg protein per hour under these conditions. The protein content in the enzyme extract was estimated following Lowry et al. [29] .
Statistical Analysis.
Values are the mean ± SEM of 3 replicates. All data were subjected to Student's -test analysis with significance level of < 0.05 using SPSS software package. The statistical analyses [40] were performed using the SPSS version 11 software [41] using 3 replicates. It was performed by using a two-way factorial ANOVA. In all cases, linearly independent pairwise comparison was carried out to determine the significant differences within the variables.
Results and Discussion
Study of Plant Morphology and Physical Parameters in
Plant Habitat. Neptunia oleracea Lour. is an aquatic legume commonly known as water sensitive plant or water mimosa grown in a pond of Burdwan district. It has numerous white spongy air filled tissues that cover the stem, which helps the plant for buoyancy in water. The buoyant floating stems and adventitious roots arising from nodes possessed numerous root nodules. Nodules were small aggregated, deep pink in color, mostly elongated to oval shape sometimes branch. The plant is distributed in Africa, tropical Asia, Australia, and America. The plant prefers to grow in rainy season but when the water level falls during the dry season, the plants often perish [42] .
Content of IAA, Tryptophan, and Phenol in Root and
Nodule. The healthy mature nodules of Neptunia oleracea were found to contain higher amount of IAA (7 g/g) but the amount of IAA was not detected in the root (Table 1) . However, the roots also contained a detectable amount of tryptophan though it was considerably less than the nodules (Table 1) . Phenol content was also higher in the nodules than roots (Table 2) . Similarly, the IAA content was found to be higher in nodules than root of other legumes where it was below the level of detection [8, 12] . The high tryptophan pool in the nodule was utilized for synthesis of higher amount of IAA that might have helped in legume-Rhizobium symbiosis [11, 13] .
Activity of IAA Metabolizing Enzymes in Root and
Nodule. IAA metabolizing enzymes such as IAA oxidase and peroxidase (EC1.11.1.7) and polyphenol oxidase (E.C.1.14.18.1) were estimated in root and nodule. The level IAA catabolizing enzymes such as IAA oxidase and peroxidase were found to be higher in root compared to nodule (Tables 1 and 2 ). Higher level of these enzymes in the roots might be a cause of the nondetectable amount of IAA in the roots. These enzymes were also higher in root compared to nodule as reported by Ghosh and Basu [9] and Ghosh et al. [10] . It could be suggested that IAA level was maintained within the nodule at physiologically higher concentration by these enzymes. Phenol content was also found to be higher in the nodules than roots. The peroxidase and polyphenol oxidase enzyme were more active in the root than nodules ( Table 2 ). The higher level of total phenol in the nodules might have resulted from lower polyphenol oxidase activities in the nodule than in the roots ( Table 2 ). The extracted phenols might be monohydroxy phenols, which are reported to promote IAA oxidase activity [43] , and these could explain the lesser amount or nondetectable amount of IAA in the roots of this plant. Variation in the synthesis of phenols in different tissues by phenylalanine ammonia lyase and tyrosine ammonia lyase [44] would also cause differences of phenol levels.
Isolation, Characterization, and Identification of Symbiont.
Five bacterial strains were isolated from the healthy nodules of Neptunia oleracea, among which the N37 was finally screened based on IAA production abilities in YEM medium supplemented with L-tryptophan (Table 3) . Isolated strain was found to be gram negative, nonspore forming aerobic bacteria. Phylogenetic analysis was carried out with 16S rDNA sequences of type strains of Rhizobium spp. with maximum sequence similarity with our strain obtained from NCBI blast result and EZ taxon. Besides, two other bacteria, namely, Labrys neptunia Liujia-146 (NR043801) and Devosia neptuniae J1 (AF469072), are also taken into consideration for preparation of phylogenetic tree as these bacteria are also The bacteria were grown in L-tryptophan (0.1%) supplemented yeast extract medium for 24 h at 30 ± 2 ∘ C. The control set was devoid of any carbon sources.
isolated from the nodule of this plant [45, 46] . As evident from phylogenetic tree (Figure 1 ), the strain N37 formed a distinct separate cluster with Rhizobium undicola LMG 11875T (Y17047) (= Allorhizobium undicola) [47] . The strain N37 was shown closest to 16S rDNA with sequence similarity of 99.86% and 85% similarity of DNA-DNA hybridization result with the type strains Rhizobium undicola LMG 11875T (Y17047). The 16S rDNA sequence of N37 was deposited to NCBI and the sequence accession number is KF309665. The strain N37 was also deposited to Microbial Type Culture Collection (MTCC) and strain accession number is Rhizobium undicola MTCC12262. Thus the strain N37 isolated from the root nodule of this aquatic mimosoid legume was identified as Rhizobium undicola based on biochemical characteristics, 16S rDNA sequence homology (99.86%), and (85%) whole genome sequence relatedness [23] .
Optimization of Cultural Requirements for IAA Production.
The IAA producing ability of the isolated symbiont (identified as R. undicola) was tested in tryptophan supplemented by YEM medium. It was observed that both growth and IAA production of the strain N37 started simultaneously and reached the stationary phase after 20 h at 30 ± 2 ∘ C (Figure 2(a) ). Level of IAA production in the medium was declined during late stationary phase of growth. The bacteria preferred L-tryptophan for growth and IAA production than D-tryptophan and DL-tryptophan (data not shown). Although an increase in the concentration of L-tryptophan was found to enhance growth and IAA production by this N37 strain (Figure 2(b) ), it appeared that when concentration of L-tryptophan exceeded 2 mg/mL in the medium it inhibited both the growth and IAA production.
Replacement of mannitol from the basal YEM medium by one of eight different carbon sources revealed that the strain N37 could utilize all the compounds for growth and IAA production ( Table 4 ). The maximum growth and IAA production (250 g/mL) were obtained with mannitol at 1% level (Figure 2(c) ). The optimum concentrations of carbon sources as mannitol for IAA production were also reported by different Rhizobium spp. ranging from 1.0 to 1.5% [13, 16] . The key role of the carbon sources in the rhizobial IAA production was also reported by Datta and Basu [8] and Ghosh and Basu [12, 13] . In Table 4 , the one-way ANOVA revealed significant differences in growth for different carbon sources (between carbon sources, CS: (1)7, 24 = 0.745; < 0.01) and no significant differences were observed in their interactions. The significant differences were observed in production of IAA for different carbon sources (between carbon sources, CS: (1)7, 24 = 7508.089; < 0.01).
Growth and IAA production by this strain were found to influence different inorganic and organic nitrogen sources (Table 5) , among which ammonium sulphate at 0.3% was found to be the most effective for growth and IAA production (Figure 2(d) ). Jordan [48] and Vincent [49] reported that Rhizobium spp. could utilize several nitrogen compounds for growth, which might have responsibility for the increased IAA production. Nitrate was less preferred, but glutamine, glutamate, or NH 4 + was generally preferred nitrogen source for some strains of Rhizobium spp. [50] . Similarly, NH + 4 was also preferred nitrogen source for this strain. In Table 5 , the one-way ANOVA revealed significant differences in growth for different nitrogen sources (between nitrogen sources, NS:
(1)7, 24 = 116.743; < 0.01) but no significant differences were observed in their interactions. The significant differences were observed in IAA production for different nitrogen sources (between nitrogen sources, NS: (1)7, 24 = 997.377; < 0.01). Different degrees of growth enhancement of the bacteria by the vitamins suggested that the organism required a number of vitamins as cofactors [49] . Jordan [48] reported that biotin and other water soluble vitamins were required for growth of Rhizobium spp. Different legume nodulating rhizobial strains preferred different vitamins sources for IAA production reported by Chakrabarti et al. [50] ; Datta and Basu [8] ; Ghosh et al. [13] . Effect of vitamin on IAA production by this strain showed that B 12 at 2 g/mL was found to be the most effective (Table 6 ; Figure 3(a) ). In Table 6 , the one-way ANOVA revealed significant differences in growth for different vitamin sources (between vitamin sources, VS: (1)5, 18 = 118.778; < 0.01) and no significant differences were observed in their interactions. The significant differences were observed in indole acetic acid production for different vitamin sources (between vitamin sources, VS: (1)5, 18 = 916.040; < 0.01).
It had been observed that some phenolic acids stimulated IAA production in symbionts (Rhizobium sp.) of certain legume plants [14] . So, the effect of different phenolic acids on IAA production was evaluated in culture by the isolated symbiont (Table 7) . It was observed that 4-hydroxybenzaldehyde was found to be the best stimulant for bacterial growth and IAA production at a concentration of 1 g/mL (Figure 3(b) ). In Table 7 , the one-way ANOVA revealed significant differences in growth for different phenolic sources (between phenolic sources, PS: The bacteria were grown in L-tryptophan (0.2%) supplemented yeast extract medium for 24 h at 30 ± 2 ∘ C. The control set was devoid of any carbon sources. In others carbon sources were supplemented at 0.2% level individually. Results presented are the mean of 3 individual experimental setups. no significant differences were observed in their interactions. The significant differences were observed in IAA production for different phenolic sources (between phenolic sources, PS:
(1)4, 15 = 305.473; < 0.01). The bacteria were grown in yeast extract medium with 1% mannitol and Ltryptophan (0.2%). The nitrogen sources were supplemented at 0.1% level individually in the experimental sets for 24 h at 30 ± 2 ∘ C. Results presented are the mean of 3 individual experimental setups.
The production of IAA by nodule bacteria from nodular tryptophan and its implication for nodule development were well documented [9, 51] . Regulation of nodule development was achieved by control of auxin synthesis in nodule via indole 3-pyruvic acid pathway [52] . Flavonoid, inhibitors The bacteria were grown in yeast extract medium with 1% mannitol, Ltryptophan (0.2%), and ammonium sulphate (0.3%). The vitamin sources were supplemented at 1 ( g/mL) level individually in the experimental sets for 24 h at 30 ± 2 ∘ C. Results presented are the mean of 3 individual experimental setups. The vitamin sources were supplemented at 1 ( g/mL) level individually in the experimental sets for 24 h at 30 ± 2 ∘ C. Results presented are the mean of 3 individual experimental setups.
of auxin transport, and auxin breakdown have also been suggested to induce nodulation and regulate nodule organogenesis [53] ; it is likely that phenolic acid also induced nodulation in the similar way [14, 54] . Phenolic acids from plant root exudates were known to play multifunctional roles in rhizospheric plant-microbe interaction. Some microbial phenolics are found to be responsible for defense mechanism and act as key signaling molecules. It has been observed that some phenolic acids, namely, protocatechuic acid, 4-hydroxybenzaldehyde, and p-coumaric acid, are other phenolic acids influenced rhizobial growth and stimulated IAA production in Vigna mungo that regulate nodule morphogenesis [14] . A range of soluble and conjugated phenolic acids involved in bacterial defense and nodule development have been reported in Arachis hypogaea [54] . The present strain was also shown to stimulate IAA production by 4-hydroxybenzaldehyde in culture. Phenolic acid might also exert its effect on IAA production like flavonoid by inhibiting or activating the IAA degrading enzymes. Moreover, phenolic 
PGP Traits of the Isolated Symbionts.
The existence of ACC deaminase activity along with other characteristics like IAA production, EPS production, N 2 fixation, phosphate solubilization, and siderophore production (Table 8 ) of this Rhizobium undicola isolated from Neptunia oleracea Lour. provided positive evidences for plant growth promotion (PGP). Siderophore chelated iron and other metals contributed to disease suppression by conferring a competitive advantage to biocontrol agents for the limited supply of essential trace minerals in natural habitats. ACC deaminase activity has also been reported from several other Rhizobium spp. strains [56] . ACC deaminase containing Rhizobium strain acts as a sink for ACC thereby lowering plant ethylene levels, releasing the inhibitory effect of root growth [57] and decreasing the negative effects of various environmental stresses [58] . ACC deaminase containing R. leguminosarum promoted nodulation of pea plants [59] . The expression of an exogenous ACC deaminase gene in Sinorhizobium meliloti increased its nodulation in alfalfa [60] . ACC deaminase containing PGPR reduced the ethylene levels which in turn was found to stimulate plant growth originally proposed by Glick et al. [61] which has also been reported in legumes by rhizobia [59, 60] . The decrease in ethylene levels by ACC deaminase could reduce the plant stress responses and also relieves the ethylene repressed auxin responses factor (ARF) synthesis, indirectly leading to plant growth promotion that resulted from both stress alleviation and growth simulation [62, 63] . Therefore, Rhizobium (N37) with PGPR traits including ACC deaminase could facilitate plant growth by decreasing ethylene inhibition, promoting nodulation, permitting IAA stimulation, and reducing the physiological damage to plants by other environmental factors in this legume plant.
Conclusions
The present study concluded that the strain N37 isolated from root nodule of Neptunia oleracea Lour. was identified as Rhizobium undicola based on molecular phylogenetic approach. 
